Abstract Small RNAs (sRNAs) are genetic tools for the efficient and specific tuning of target genes expression in bacteria. Inspired by naturally occurring sRNAs, recent works proposed the use of artificial sRNAs in synthetic biology for predictable repression of the desired genes. Their potential was demonstrated in several application fields, such as metabolic engineering and bacterial physiology studies. Guidelines for the rational design of novel sRNAs have been recently proposed. According to these guidelines, in this work synthetic sRNAs were designed, constructed and quantitatively characterized in Escherichia coli. An sRNA targeting the reporter gene RFP was tested by measuring the specific gene silencing when RFP was expressed at different transcription levels, under the control of different promoters, in different strains, and in singlegene or operon architecture. The sRNA level was tuned by using plasmids maintained at different copy numbers. Results demonstrated that RFP silencing worked as expected in an sRNA and mRNA expression-dependent fashion. A mathematical model was used to support sRNA characterization and to estimate an efficiency-related parameter that can be used to compare the performance of the designed sRNA. Gene silencing was also successful when RFP was placed in a two-gene synthetic operon, while the non-target gene (GFP) in the operon was not considerably affected. Finally, silencing was evaluated for another designed sRNA targeting the endogenous lactate dehydrogenase gene. The quantitative study performed in this work elucidated interesting performance-related and context-dependent features of synthetic sRNAs that will strongly support predictable gene silencing in disparate basic or applied research studies.
Introduction
Naturally occurring small RNAs (sRNAs) are short noncoding RNAs, typically between 50 and 250 nucleotide long, able to control the expression of target genes in bacteria, predominantly at the post-transcriptional level (Gottesman 2005; Man et al. 2011; Jost et al. 2011; Peterman et al. 2014) . Hundreds of sRNAs have been identified in different bacteria so far, especially in Escherichia coli. These sRNAs can be sorted in three general categories: sRNAs that have intrinsic catalytic activity or are components of ribonucleoproteins, sRNAs that affect protein activity and sRNAs that regulate gene expression by base-pairing to a target mRNA (Man et al. 2011) . The third sRNAs category is the best-characterized and the most abundant in Gram-negative bacteria. The post-transcriptional control system of sRNAs belonging to the latter category is based on a trans-acting mechanism, in which sRNAs bind to the 5 0 untranslated region (5 0 -UTR)
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or to the translation initiation region (TIR) of single or multiple target messenger RNAs (mRNAs) through imperfect base-pairing (Aiba 2007) , although sRNA binding in regions downstream of the TIR have also been reported (Pfeiffer et al. 2009 ). The regulation of gene expression is carried out, upon binding, by the modulation of translation or transcript stability Wassarman et al. 2001; Masse and Gottesman 2002; Masse et al. 2003) . In particular, specific sRNAs are known to change ribosome accessibility, mainly repressing translation, although examples of positive regulation have also been reported (Gottesman 2004; Peterman et al. 2014) . Conversely, the final effect of other sRNAs is to change the stability of the target mRNA, mainly by accelerating its degradation (Gottesman 2004; Peterman et al. 2014; Levine et al. 2007 ). Morita et al. (2006) analyzed the repression effects of two sRNAs, SgrS and RyhB, which experimentally showed to degrade their target transcript. By inhibiting the mRNA degradation machinery of the host strain, the authors showed that SgrS and RyhB could act as translation inhibitors without affecting transcript stability. This double final effect of the investigated sRNAs, i.e., translation repression and mRNA degradation, could be motivated by the necessity to rid the cell of translationally inactive mRNAs (Morita et al. 2006) . A major class of sRNAs requires (or is strengthened by) the RNA chaperone Hfq for efficient gene silencing (Aiba 2007; Gottesman 2004; Peterman et al. 2014) . In nature, sRNAs are involved in the regulation of disparate functions in bacteria, such as stress response, outer membrane protein biogenesis, quorum sensing, virulence, iron and sugar metabolism (Gottesman 2004; Man et al. 2011 ). Due to their importance, several studies have been recently carried out to discover sRNAs, identify their targets and characterize their regulation mechanisms, also with the help of mathematical models. Among all the research investigations, high-throughput analyses have been performed to search for novel sRNAs or specific targets of known sRNAs by microarray studies (Gottesman 2004; Wassarman et al. 2001; Masse et al. 2005) and, more recently, by the sort-seq approach . Reporter gene fusions with the initial part of a target gene (including the 5 0 -UTR) have been adopted to quantitatively study the contribution of sRNAs and their specificity (Urban and Vogel 2007) . Mathematical models, generally studied at the steady-state, were developed to quantify the effects of parameter changes, such as mRNA/sRNA levels and their half life (Levine et al. 2007; Shimoni et al. 2007 ). Such kinetic models were able to capture the observed behaviour of artificially-constructed systems where sRNA and mRNA levels were tuned (Levine et al. 2007; Shimoni et al. 2007 ). Moreover, the proposed models are sufficiently general to describe the contribution of sRNAs affecting translation and/or transcript degradation (Jost et al. 2011) . One of these models was recently refined to investigate the effects of ribosome binding site (RBS) strength on the RyhB, DsrB and OmrA sRNA efficiency towards their target gene, whose expression was studied via gene fusion and quantitative PCR . Comparison between model simulations and experimental data demonstrated that, in the context of the investigated sRNAs, increasing translation rate can lead to increased repression .
Inspired by the features of natural control systems, sRNAs can also play an important role in the design of synthetic biological systems. In metabolic engineering studies, metabolic fluxes towards the target bioproduct can be optimized by the simultaneous expression of heterologous genes, over-expression and down-regulation of endogenous genes. In this case, sRNAs can be used to down-regulate the expression of the target genes involved in the desired pathway. The use of an sRNA-based approach has several advantages over the common gene knockout method: (1) sRNA expression plasmids, which actuate the silencing of target genes, can be incorporated in the host strain by simple bacterial transformation and it makes sRNA systems highly portable to different hosts; (2) several combinations of sRNAs can be simultaneously tested by co-transforming different expression plasmids or assembling multiple cassettes in the same vector; (3) a scalable, sRNA sequence-dependent, repression efficiency can be obtained; (4) sRNAs can be used to down-regulate essential genes, since sRNAs can be placed under the control of inducible promoters (Man et al. 2011) .
It is worth noting that other post-transcriptional control systems, such as antisense RNAs (asRNAs), also have many of the advantages described above (Tummala et al. 2003; Nakashima et al. 2006 ). However, asRNA-based systems are generally characterized by a lower efficiency than sRNAs (Man et al. 2011) , although efforts have been recently carried out to improve their activity (Nakashima and Tamura 2009) .
Another recently proposed method for programmable silencing of gene expression in bacteria is CRISPR interference (CRISPRi). It uses an engineered clustered regularly interspaced palindromic repeats (CRISPR) pathway, where a customizable single guide RNA (sgRNA) forms a complex with a catalitically inactive Cas9 protein (dCas9) that can bind DNA Qi et al. 2013 ). Differently from sRNAs, which act at post-transcriptional level, CRISPRi relies on transcriptional regulation by steric block of promoter binding or transcription elongation . Activation of gene expression in bacteria has also been reported via this method, upon dCas9 protein engineering (Bikard et al. 2013) . The regulation mechanism of CRISPRi is highly promising for genome-wide control of gene expression and it is complementary to post-transcriptional regulation elements, like sRNAs and asRNAs. CRISPRi is characterized by high expression modulation efficiency, it has been shown to work in many species, and guidelines for sgRNA rational design have been proposed Qi et al. 2013 ); compared to post-transcriptional element, an intrinsic drawback of CRISPRi is that the selective repression of an individual gene in polycistronic transcript cannot be easily achieved (Choudhary et al. 2015) .
Many bacterial genes are organized in operon architecture. The clustering of genes in operons is an important context in E. coli and other prokaryotic organisms, allowing to coordinately express proteins that are involved in common processes, while greatly facilitating the ability to efficiently respond to environmental changes. Because transcription and translation are physically coupled in prokaryotes, operons provide a highly efficient method of regulating the transfer of genetic information from DNA to protein (Keene and Tenenbaum 2002) . Genes in polycistronic transcripts can be naturally targeted for repression by sRNAs. Intuitively, the silencing mechanism is important when targeting operon genes, since transcript degradation leads to the down-regulation of all the operon genes, while translation repression can specifically target individual genes within an operon. Specific E. coli operons were analyzed in different works (Moller et al. 2002; Masse and Gottesman 2002; Masse et al. 2005; Desnoyers et al. 2009 ). The sdhCDAB operon, involved in succinate metabolism, is targeted by the RyhB sRNA, which binds the transcript between the first and the second gene of the operon, resulting in mRNA degradation (Masse and Gottesman 2002; Masse et al. 2005) . Conversely, the galETKM operon, involved in galactose metabolism, is targeted by the Spot 42 sRNA, which binds the mRNA upstream of the third gene of the operon (galK), but it does not result in transcript degradation. Only the galK gene is down-regulated by Spot 42, which acts as a translator inhibitor (Moller et al. 2002) . Other, more complex, operon regulation mechanisms have recently been reported. For example, the iscRSUA transcript, involved in the Fe-S clusters biosynthesis, is targeted for degradation by the RyhB sRNA, but the first operon gene (iscR) is not downregulated, thanks to a strong repetitive extragenic palindromic secondary structure (between iscR and iscS) which may protect the gene against ribonucleases degradation (Desnoyers et al. 2009 ).
Motivated by the attractive features of sRNA-based control systems, after the discovery of natural sRNAs in bacteria many efforts were carried out to design synthetic sRNAs that can repress the desired target genes. Inspired by the natural architecture of the discovered bacterial sRNAs, the synthetic sRNAs are composed of two functional parts: a target-binding sequence and a scaffold sequence (Man et al. 2011; Sharma et al. 2012; Na et al. 2013) . The first part is a sequence complementary to the TIR of its target mRNA, which specifically binds to the target and actuates the gene silencing. The scaffold sequence recruits the RNA chaperone Hfq, a highly abundant protein that facilitates the binding of the sRNA to the target mRNA at a much faster rate than that of the binding of ribosomes .
However, owing to a lack of full understanding of the sRNA silencing mechanism in prokaryotes, the first studies on synthetic sRNA design mainly focused on random screening methods (Man et al. 2011; Sharma et al. 2012) . Man et al. (2011) developed a semirational strategy for sRNA design based on the sequence of well-known transencoded E. coli sRNAs. The target-binding sequence was complementary to the 5 0 -UTR of the target mRNA and then appropriately adjusted to have a secondary structure with at least two stem loops. The Hfq-binding scaffold sequence and the transcriptional terminator were extracted from a list of well-studied endogenous sRNAs and randomly combined to the target-binding part. These candidate sRNAs were finally filtered according to their secondary structure and a shorter list of candidates was obtained. This method resulted in the design of successful sRNAs, although out of the 16 initially selected candidates, only two repressed the target gene expression by 70 % or more. Sharma et al. (2012) developed a screening strategy that can identify synthetic sRNAs capable of regulating endogenous genes. They constructed a large library of artificial sRNAs by fusing a randomized antisense domain to a scaffold sequence from four natural sRNAs that interact with the Hfq protein. In order to select the sRNA actually targeting the mRNA of interest, expression plasmids including the random sRNA library were co-transformed with an expression plasmid including a fluorescent reporter gene (GFP) fused with the 5 0 leader sequence of the mRNA of interest. Fluorescence detection by visual inspection of transformation plates identified the colonies containing the desired sRNAs. The described method enabled the obtainment of sRNAs that repressed the ompF target gene by 45-to 145-fold, but the approach required the screening of a large number of clones ([10 5 ) and was characterized by a low probability to find a clone where fluorescence was repressed (0.03 %).
Guidelines for the rational design of customized sRNA were recently proposed by Na et al. (2013) . The authors used reporter genes to test different features of sRNA expression systems, by investigating the repression capability as a function of different scaffold sequences, hybridization energy, binding position of sRNA within the transcript and target-binding sequence length. From their investigations, they selected the MicC (Urban and Vogel 2007; Chen et al. 2004 ) sequence as the best scaffold among four candidates, 24 nucleotides as the optimal length of target-binding sequence and an hybridization energy lower than -20 kcal/mol. In their work, the proposed guidelines were successfully applied to metabolic engineering, demonstrating that complex pathways can be optimized via large libraries of designed sRNAs and such strategy can be easily adopted to search the best producer among a collection of candidate E. coli strains.
The aim of our work is to quantitatively evaluate the performance of synthetic sRNAs designed with guidelines proposed by Na and colleagues. We designed the sRFP silencer, which represses the expression of reporter target gene RFP, encoding the Red Fluorescent Protein, to evaluate its performance on different ad-hoc constructed model systems, in two E. coli strains, as a function of sRNA and mRNA levels, also with the help of mathematical modelling. Since the operon context has never been quantitatively tested before using designed sRNAs , in this work we studied the down-regulation of a target gene in a synthetic operon. Finally, we present data on the silencing of an endogenous gene, ldhA, which has a crucial role in the fermentation pathway of E. coli and in metabolic engineering studies, by means of another ad-hoc designed sRNA. The quantitative study performed in this work elucidated interesting performance-related and context-dependent features of synthetic sRNAs that have never been investigated before. The obtained results and data will strongly support predictable gene silencing in disparate basic or applied research studies via novel designed sRNAs.
Materials and methods

Strains and plasmids
The E. coli TOP10 (Invitrogen) strain was used for cloning. The TOP10 and W (ATCC 9637; Archer et al. 2011) strains were used for quantitative experiments.
We designed the sRFP, sLDH, sACK, sFRD and sPFL synthetic sRNAs, targeting the RFP, ldhA, ackA, frdA and pflB genes, respectively, according to the guidelines proposed by Na et al. (2013) . The target-binding sequence was designed as the reverse complement of the first 24 bp of the coding sequence included in the target mRNA. The hybridization energy of the target-binding sequence was computed via the UNAfold web server (http://mfold.rna. albany.edu/; Markham and Zuker 2005) , to verify that it was lower than -20 kcal/mol. The MicC scaffold sequence was included downstream of the target-binding sequence to obtain the final sRNA. This sRNA sequence is placed between the strong promoter P R upstream and the T1/TE transcriptional terminator downstream. The genomic sequences of the DH10B (NC_010473.1), closely related to TOP10 and with the same genotype, and the W (NC_017664.1) strains in the NCBI database were used to retrieve the ldhA, ackA, frdA and pflB gene sequences. All the genes had identical nucleotides in the initial 24 bp of their coding sequences between the two strains. The sequence of the RFP gene was retrieved from the BBa_E1010 entry in the MIT Registry of Standard Biological Parts (Registry) (http://partsregistry.org; Knight 2003) .
The sRNA expression cassettes were de-novo synthesized by the GenScript gene synthesis service (Piscataway, NJ, USA). They were designed with the standard BioBrick TM prefix upstream and suffix downstream (Knight 2003) to facilitate their transfer in different plasmid vectors. These cassettes were delivered in the pUC57-Simple shipping vector and they were subsequently transferred, upon EcoRI/PstI digestion, both into the pSB3K3 and into the pSB1A2 BioBrick TM vectors (Shetty et al. 2008 ). All the other parts were either physically retrieved from the Registry DNA Distribution 2008-2011 or assembled in this study from existing BioBrick TM parts, by using the BioBrick TM Standard Assembly procedure (Knight 2003) . All the strains were grown in 5 ml of L-broth (LB; Sambrook et al. 1989 ) at 37°C, 220 rpm. When required, ampicillin (100 mg/l), kanamycin (20 mg/l) and chloramphenicol (12.5 mg/l) were added to cultures to maintain plasmids. Long-term glycerol stocks, stored at -80°C, were prepared for all the recombinant strains by mixing 750 ll of bacterial culture and 250 ll of sterile 80 % glycerol. Plasmids were extracted from overnight cultures through the NucleoSpin Plasmid kit (Macherey-Nagel). DNA was digested as appropriate, with the EcoRI/XbaI/ SpeI/PstI enzymes, and the fragments of interest were extracted from 1 % agarose gel by NucleoSpin Extract II kit (Macherey-Nagel) before proceeding with ligation. DNA-modifying enzymes were purchased from Roche Diagnostics and used according to manufacturer's instructions.
We constructed model systems to quantitatively evaluate the performance and the specificity of the synthetic sRNAs (see Fig. 1 ). In particular, these systems include synthetic circuits expressing RFP and/or GFP in single gene or operon, which are driven by promoters and RBSs with different strength. All these constructs were placed in the pSB4C5 low-copy plasmid and they were co-transformed with an sRNA expression cassette, placed in the pSB3K3, pSB1A2 or pUC57-Simple plasmid. This expression systems design allows to study genes transcribed/translated at different levels (through promoter/ RBS/inducer concentration changes) in combination with sRNAs expressed at different levels (through plasmid copy number changes). A similar experimental design, including a two-plasmid expression system for reporter gene and silencer, respectively, has been used by Levine et al. (2007) and Lavi-Itzkovitz et al. (2014) to characterize the effects of transcription, translation and RNA degradation parameters change. We use copy number change to tune the sRNA level in order to reproduce the same expression system design proposed by Na et al. (2013) , which proved to be successful as sRNA production cassette.
The J101-R ( Fig. 1a ) and J101-R32 (Fig. 1b ) constructs have the same constitutive promoter (BBa_J23101) upstream of RFP, but different RBSs (the BBa_B0034 RBS is stronger than BBa_B0032 when placed upstream of RFP; Pasotti et al. 2012 ). The Plux-R (Fig. 1c ) circuit contains RFP driven by the P lux inducible promoter. P lux in the induced state is about eightfold stronger than BBa_J23101 . These circuits allow to characterize RFP silencing as a function of mRNA level (J101-R and Plux-R constructs) and RBS strength (J101-R and J101-R32 constructs).
We studied the unspecific silencing by comparing the output of the Plux-R and Plux-G (Fig. 1d) circuits, where the latter includes an inducible expression cassette for GFP, which is not targeted by the designed sRNAs. We also studied unspecific silencing by characterizing the output of the above constructs in presence of sLDH, sACK, sFRD or sPFL, which do not target RFP and GFP.
The RFP-GFP and GFP-RFP operons (circuits Plux-RG, Plux-GR, Plux-RG30 and Plux-G30R, see Fig. 1e -h) allow the study of the specific and unspecific gene silencing in polycistronic mRNA by red and green fluorescence quantification. The RFP and GFP genes of these circuits are in different positions and the GFP gene is placed under two different RBSs (the BBa_B0030 RBS is stronger than BBa_B0032 when placed upstream of GFP).
Transformation was carried out in TOP10 and W by heat shock at 42°C.
Both the ampicillin-resistant high-copy plasmids pSB1A2 and pUC57-Simple have a ColE1-based replication origin, but it has a single nucleotide mismatch (according to their sequence in the Registry and in the provided GenScript document, respectively), which could contribute to a different copy number. Finally, the pSB3K3 plasmid has a p15A replication origin and the pSB4C5 plasmid has a pSC101 origin (Shetty et al. 2008) .
Fluorescence assays
Recombinant strains were grown in 2-ml tubes at 37°C, 220 rpm for 16-20 h in 0.5 ml of M9 supplemented with the BBa_B0034 and BBa_B0032 RBSs upstream of RFP and GFP, respectively. f Plux-GR (BBa_J107043): GFP-RFP operon driven by the P lux promoter, with the BBa_B0032 and BBa_B0034 RBSs upstream of GFP and RFP, respectively. g Plux-RG30 (BBa_J107044): RFP-GFP operon driven by the P lux promoter, with the BBa_B0034 and BBa_B0030 RBSs upstream of RFP and GFP, respectively. h Plux-G30R (BBa_J107045): GFP-RFP operon driven by the P lux promoter, with the BBa_B0030 and BBa_B0034 RBSs upstream of GFP and RFP, respectively. All the described constructs are present in the pSB4C5 low-copy vector. Curved arrows represent promoters, ovals represent RBSs, straight arrows represent genes and hexagons represent transcriptional terminators. RBS34, RBS32 and RBS30 are the BBa_B0034, BBa_B0032 and BBa_B0030 BioBrick TM RBSs
Quantification of the gene silencing performances of rationally-designed synthetic small RNAs 111 medium (11.28 g/l M9 salts-M6030, Sigma Aldrich, 2 mM MgSO 4 , 0.1 mM CaCl 2 , 2 g/l casamino acids, 1 mM thiamine hydrochloride and 4 ml/l glycerol; Sambrook et al. 1989 ) with antibiotics as required, inoculated with a single colony from a streaked selective LB-agar plate (at least 3 independent biological replicates were carried out for each recombinant strain). The grown cultures were 100-fold diluted in 200 ll of M9 in a 96-well microplate. When required, 2 ll of the N-3-oxohexanoyl-L-homoserine lactone (HSL) inducer (K3007, Sigma Aldrich) were added to reach the desired final concentration. Unless differently indicated, 100 nM of HSL were used to induce the P lux promoter. The microplate was incubated at 37°C in the Infinte F200 reader (Tecan) and the following kinetic cycle, programmed via the i-control software (Tecan), was carried out: linear shaking 15 s (amplitude 3 mm), wait 5 s, absorbance measurement (600 nm), fluorescence measurement (excitation 485 nm, emission 540 nm for GFP; excitation 535 nm, emission 620 nm for RFP, gain of 50 or 80), sampling time 5 min Zucca et al. 2013 ).
Data analysis for fluorescence assays
Matlab R2010a (MathWorks) and Microsoft Excel were used to analyze the absorbance and fluorescence time series to obtain doubling time and average RFP or GFP synthesis rate per cell (S cell ; Kelly et al. 2009; Politi et al. 2014 ). S cell is expressed in arbitrary units (AU), proportional to the average per-cell protein synthesis rate. In each experiment, the absorbance of M9 without bacteria (background absorbance) and the fluorescence of the TOP10 and W strains without reporter genes (background fluorescence) were measured. The background absorbance time series was subtracted from the absorbance of each culture of interest to obtain a time series (OD 600 ) proportional to bacterial cell density (see Figure S1A -B; Kelly et al. 2009; Politi et al. 2014) . Similarly, the RFP fluorescence background (which is not characterized by a relevant OD 600 -dependent autofluorescence, see Figure S1B -C) time series was substracted from the raw RFP fluorescence of each culture to yield a time series proportional to the total RFP proteins in the microplate well. Since GFP shows a relevant OD 600 -dependent autofluorescence (see Figure S1D ), a different background subtraction procedure was carried out: a standard curve was obtained by fitting GFP background fluorescence against OD 600 via linear regression for each of the two strains (see Figure S1E ; Mutalik et al. 2013) ; the fitted standard curve was used to subtract GFP background fluorescence from the raw GFP fluorescence of each culture at the same OD 600 , yielding a time series proportional to the total GFP proteins in the microplate well ). Raw and background-subtracted absorbance and fluorescence data are shown in Figure S1F -I (for RFP-expressing cultures) and in Figure S1K -N (for GFP-expressing cultures). The slope of the ln(OD 600 ) time series in the OD 600 range 0.05-0.18 (exponential growth phase) was computed, via linear regression, to calculate the cell growth rate. Doubling time was computed as ln (2) divided by the slope. A signal proportional to the RFP or GFP synthesis rate per cell was computed as the numeric time derivative of RFP or GFP time series, divided by OD 600 (see Figure S1J and O for representative data of RFP-and GFP-expressing cultures, respectively). This signal was averaged over the exponential growth phase and the obtained value was divided by the average synthesis rate per cell of a reference culture expressing RFP or GFP, to compute S cell . RFP and GFP reference cultures were recombinant strains (TOP10 or W) bearing an RFP (BBa_I13507) and a GFP (BBa_E0240) expression system under the control of the constitutive BBa_J23101 promoter, in pSB4C5. The silencing capability (Eff%) for a given gene in each of the above illustrated constructs was computed as reported in Eq. 1.
Eff % ¼ 100 Ã 1 À S cell with silencer S cell without silencer ð1Þ
However, in case S cell with silencer was higher than without silencer, Eff% was set to zero. Assuming that pSB4C5 is present at 5 copies per cell, the per-cell copy numbers of pSB3K3, pSB1A2 and pUC57-Simple in the TOP10 and W strains were estimated as reported in Eqs. 2-4 (Lutz and Bujard 1997; Zucca et al. 2012) .
Copy number pSB1A2
Copy number pUC57 Simple ¼ 5
where S cell 4C5 , S cell 3K3 , S cell 1A2 and S cell pUC are the S cell values of cultures bearing the J101-R construct (Fig. 1a) in the pSB4C5, pSB3K3, pSB1A2 and pUC57-Simple vectors, respectively, assuming that no metabolic overload affects cells at the highest copy numbers .
Lactate dehydrogenase assay
The activity of lactate dehydrogenase (LdhA) was determined by a specific enzymatic assay. LdhA catalyzes the conversion of pyruvate and NADH to lactate and NAD ? , respectively. The decrease of NADH concentration is measured by absorbance (340 nm) in order to compute the reaction rate, which is proportional to the enzyme concentration in the sample (Gay et al. 1968 ). 2 ml of LB with 100 mM phosphate buffer and 40 g/l of glucose were inoculated with 5 ll of recombinant bacteria from a glycerol stock and incubated at 37°C, 220 rpm for 16-20 h. The grown cultures were 100-fold diluted in 9 ml of the same medium and incubated as before for 4 h. One ml of sample was taken, centrifuged at 13,000 rpm for 1 min and the supernatant was removed. The bacterial pellet was resuspended with 1 ml of Tris-HCl 100 mM pH 7.3, the vial was centrifuged and the supernatant discarded as before. The CelLytic B (Sigma Aldrich) lysis buffer, supplemented with protease inhibitor cocktail, was used to resuspend the pellet, and the vial was incubated at room temperature for 10 min under slow shaking conditions. Cell debris were separated by centrifugation (13,000 rpm, 5 min). 20 ll of supernatant, which includes the intracellular content, were transferred into the well of a microplate and mixed with 180 ll of a solution containing Tris-HCl pH 7.3 100 mM, NADH 0.4 mM and sodium pyruvate 10 mM. The 96-well microplate was incubated at 25°C in the Infinite F200 reader and absorbance (340 nm) was read every 5 min.
The enzymatic activity of the sample in the well was computed by linear regression of the absorbance time series. Since this activity depends from cell lysis efficiency and initial amount of cells in the sample, we computed the specific enzymatic activity by dividing the enzymatic activity of the sample by the milligrams of total proteins extracted during lysis, quantified with the Micro BCA Protein Assay Kit (Thermo Scientific). The specific activity of all the bacterial cultures analyzed is divided by the wild type activity.
Statistical tests
Statistical analysis was performed on S cell values via the Kruskal-Wallis (KW) nonparametric test to evaluate the statistical significance of repression in the assayed conditions. When the KW test detects at least a significantly different S cell value (p value \0.05) among groups, the least significant difference (LSD) method was used to evaluate the significantly different conditions by multiple comparisons. We implemented the test by the kruskalwallis Matlab function. In such multiple comparisons, we focused on the significance of silencing (specific or non-specific) of each condition compared to the recombinant strain without sRNA. For this reason, we only evaluated the contexts where S cell was lower than the reference context, by onesided test. An analogous procedure was used to analyze the statistical significance of specific LdhA enzymatic activity among the tested contexts.
Mathematical modelling
The kinetic model of Eqs. 5-9 was considered (Levine et al. 2007; Shimoni et al. 2007; Canton et al. 2008; Kelly et al. 2009 ) and a summary of species and parameters is reported in Table 1 .
The equations above describe the transcription process of the target mRNA (m) and of the sRNA (s), assuming constant transcription rates (a m and a s , respectively) and linear degradation rates (b m and b s , respectively). The c state variable represents the mRNA-sRNA complex, which is formed upon m and s interaction with kinetic constant k ? ; the complex releases m and s with kinetic constant k -and its degradation rate is linear (b c ). The immature (i.e., non-fluorescent; Kelly et al. 2009 ) protein (i) synthesis process is described by a linear production term (q Á m, where q is the translation rate per mRNA unit) and a linear extinction rate (z ? l, where z is the maturation rate to yield the fluorescent form, and l is the cell growth rate which represents the protein dilution due to cell division). The last equation describes protein maturation, to yield the fluorescent form r of the reporter protein. The described model assumes that RNA degradation rate is much faster than cell growth rate, while protein degradation rate is negligible and cell division is the only responsible of the intracellular protein extinction rate.
Considering the steady-state of the system, S cell ¼ q Á z Á i (where the bar indicates the steady-state) is the experimentally observable variable (Canton et al. 2008; Pasotti et al. 2013 ), already defined above, where q represents the unit conversion constant between the actual protein synthesis rate per cell and the S cell values (in AU) obtained in the experiments described above. S cell is also proportional to the steady-state mRNA level:
The solution of the system, which is S cell , can be analytically computed as (Levine et al. 2007 ): has been previously defined as the leakage rate (since its value affects the threshold-linear response of the target mRNA, as a function of its transcription rate for a given sRNA level value; Levine et al. 2007 ) and k ¼
The analytical solution of the model allows to study the S cell output value, at the steady-state, of systems including a target gene (RFP) and a specific sRNA (sRFP) for different RFP (a) and sRFP levels (a s ). In this study, the RFP level is tuned by inducing the P lux promoter upstream of the RFP gene through different HSL concentrations (with the Plux-R construct), while the sRFP level is tuned by changing the copy number of the plasmid containing the sRNA expression cassette. Equation 10 was used to fit experimental data (S cell value in the non-repressed condition in the x-axis, S cell value in the repressed conditions tested in the y-axis, for different HSL concentrations) via the lsqnonlin Matlab routine. A different a s parameter value was estimated for each sRNA level tested, while a single a k parameter value for all the sRNA levels was estimated, as described in (Levine et al. 2007 ).
Results
RFP silencing in a single-gene cassette
The constructs with reporter target gene RFP driven by the P lux inducible promoter (Plux-R, Fig. 1c) were tested, both in the TOP10 and W strains, in presence of no silencer and of the sRFP silencer in medium-copy (pSB3K3 vector) and high-copy (pSB1A2 and pUC57-Simple vectors) contexts. The RFP synthesis rate per cell was measured as systems output that reflects gene silencing. Such tests allowed the study of specific silencing as a function of intracellular concentration of sRNA, which is regulated by changing the intracellular copy number of the sRNA expression system. Results, reported in Fig. 2a , show that the sRFP silencer works as expected in both strains, since RFP is repressed only in presence of its silencer. Statistical analysis of the S cell values showed a significant difference between the condition with the silencer and the condition without the silencer, in both strains and in all conditions (p value \0.05, Kruskal-Wallis and multiple comparisons). Figure 2a shows that the silencer represses RFP by up to 92 % in TOP10 and 68 % in the W strain. Repression values were systematically higher in TOP10 than in W, with sRFP in medium-copy giving the lowest Eff% value and the pUC context giving the highest value, for a given strain. Doubling times were similar among the tested conditions for each of the two strains (see Figure S2A ). The per-cell copy numbers of pSB3K3, pSB1A2 and pUC57-Simple in the TOP10 and W strains were estimated to investigate the difference of repression values between strains and among the conditions of a given strain. Results are shown in Table 2 .
The obtained copy number values for TOP10 strain are comparable to the values of the literature for similar laboratory strains (Lutz and Bujard 1997; Guido et al. 2006) , whereas for the W strain data are not available. Copy numbers are systematically higher in the TOP10 strain than in the W strain. Such copy number values are highly correlated with the RFP repression efficiencies in the tested conditions with a Pearson correlation coefficient of 0.98. These results suggest that the silencer copy number is the main responsible of the repression efficiency variation among the tested sRFP plasmid contexts and strains.
To evaluate if the obtained repression efficiencies were actually due to the specific action of sRFP, we studied the effect of different unspecific silencers on the target genes RFP and GFP driven by the P lux inducible promoter (Plux-R and Plux-G, Fig. 1c, d ), both in TOP10 and W. In particular, RFP or GFP repression was tested in presence of: (1) no silencer, (2) the highest-copy number vector without expression cassettes (pUC-RING), and (3) a set of silencers (sLDH, sACK, sFRD and sPFL, see ''Materials and methods''), in different copy numbers, designed to target specific genes involved in the E. coli fermentation pathway. Asterisks indicate that the S cell value in the condition is statistically different from the S cell of the expression cassette without sRNA (Plux-R and Plux-G conditions for RFP and GFP, respectively). Percentages represent the Eff% values. When S cell in a given condition is higher than S cell without sRNA, Eff% value is set to zero Both high-copy replication origins are noted as ''Mutated pMB1'', but their sequences are different in a single nucleotide mismatch, therefore they can be considered as different origins, since they can be characterized by a quantitatively different copy number Quantification of the gene silencing performances of rationally-designed synthetic small RNAs 115
Results (Fig. 2b) showed that unspecific silencers have a low repression capability towards both the RFP and GFP gene. In particular, the highest unspecific repression values of RFP (31 % in the TOP10 strain and 26 % in the W strain) were obtained when sRNA expression systems are in the high copy number pUC57-Simple vector. On the other hand, the highest repression values observed for GFP were 35 % for the TOP10 strain (sRFP silencer in the pUC57-Simple vector) and 21 % for the W strain (sRFP silencer in the pSB1A2 vector). In general, the entity of the observed unspecific repressions is lower than the specific silencing percent values obtained above (compare Fig. 2a,  b) and the highest values corresponded to conditions where silencer is placed in a high copy plasmid. The doubling times of the recombinant strains in the illustrated conditions did not significantly correlate with unspecific repression values (see Figure S2B ) and are similar to the ones shown above for specific silencing ( Figure S2A ). Statistical analysis of the unspecific silencing data showed that no significant difference between the condition without sRNA and the conditions with plasmid-borne sRNA occurs.
Model-based characterization of RFP silencing
A mathematical model, previously developed to describe silencing efficiency as a function of sRNA and mRNA levels, was used for the characterization of the sRFP-dependent RFP gene repression. The sRFP level and the RFP transcript level were varied by means of plasmid copy number (as in previous section) and by tuning the P lux promoter transcriptional activity, respectively. The resulting data are shown in Fig. 3 and they were fitted with the steady-state solution of the kinetic model (Eq. 10). The fitted curves showed that the model was able to describe RFP silencing according to different sRNA/mRNA levels, with the trend reported previously (Levine et al. 2007 ). The estimated model parameters are reported in Table 3 . The a s parameters, corresponding to the sRNA levels for each of the three copy number conditions, were consistent with the estimated plasmid copy number reported in the previous section (see Table 2 ): the estimated a s value in the pSB1A2 context was 1.6-fold higher than in the pSB3K3 context, consistent with the data of Table 2 where a 1.5-fold variation is observed. The estimated a s value in the pUC context was higher than the values of the two other plasmids, as expected, but it was 2.8-and 4.6-fold higher than a s in pSB1A2 and pSB3K3, while data of Table 2 showed a smaller fold-change (1.3 and 2, respectively). This could be due to saturation phenomena in the measurement of the copy number through RFP; in fact, protein expression may not change in a linear fashion at high per-cell copy numbers and measured values can be underestimated .
The obtained a s and a k parameter units depend on our acquisition system (see Methods section) and for this reason they are not immediately comparable with published values. In order to enable such comparisons, we computed the a s (per DNA copy) and k values in absolute units as RNA molecules s and 1 nMÁmin ; respectively. We considered the a s value in the medium copy context (a s = 65) and we assumed: a transcriptional activity of 0.03 RNA molecules s per DNA copy for a = 1 (corresponding to the activity of the BBa_J23101 promoter; Kelly et al. 2009 ), plasmid copy numbers of 5 for pSB4C5 and 26 for pSB3K3, an E. coli cell volume of 1 lm 3 (Milo 2013) , and a half-life of 6.8 min (Selinger et al. 2003) for both mRNA and sRNA molecules.
We found an sRNA transcription rate of about 0.042
RNA molecules s
, which is consistent with the activity of the P R promoter, previously found to have an about 2.5-fold higher activity than the BBa_J23101 promoter ). We found a k value of 0.0007 1 nMÁmin ; which is about 30-fold lower than typical k values found in literature for naturally occurring regulatory RNAs (0.02 1 nMÁmin ; Levine et al. 2007 ). This result highlights that, under the hypotheses above, the sRNA designed in this work following the guidelines of Na et al. (2013) resulted to be functional but with a lower binding rate, k, than observed in nature, thus showing a lower repression efficiency (Levine et al. 2007 ). Table 3 . Average S cell values are computed on at least three biological replicates
RFP silencing in different expression systems
While the previous sections focused on RFP repression when produced by a P lux -driven expression system, here we considered a different expression cassette for RFP, which is driven by the constitutive BBa_J23101 promoter (J101-R construct of Fig. 1a) . As above, the sRFP-mediated silencing was tested in TOP10 and W in different copy number contexts and the RFP expression system was kept in a low-copy plasmid. Results, shown in Fig. 4a , were consistent with the ones obtained for the P lux -driven cassette (see Fig. 2a ): silencing efficiencies were copy number-and strain-dependent, with systematically higher repression for TOP10 than W. Again, repression efficiencies were highly correlated with the estimated copy numbers of Table 2 (Pearson correlation coefficient of 0.96). Statistical analysis showed that RFP repression in most of the conditions with the sRFP silencer was significantly different from the sRNA-free condition. In principle, the tested condition is equivalent to setting the target mRNA to 1 (i.e., the S cell value of the J101-R construct) in the mathematical model, while leaving all the other parameters unchanged, since mRNA and sRNA sequences were the same, and the tested copy number context and strains were identical. However, according to the prediction of the described mathematical model (i.e., the S cell values of the silenced systems as a function of mRNA level and for three different sRNA levels), reported in Fig. 3 , higher repression efficiencies were expected for this mRNA level (see Fig. 4b ). The observed differences could be due to the slightly different mRNA sequences between the BBa_J23101-and the P lux -driven expression cassettes; in fact, the transcription start site (TSS) of the two promoters is different (Wang et al. 2011; Kosuri et al. 2013) . For this reason, the mRNA sequence of the BBa_J23101-driven mRNA has the ACTAGAG sequence upstream of the BBa_B0034 RBS, while the corresponding sequence for P lux has 4 additional nucleotides and it is AAATACTA-GAG. Despite this structural difference, the local secondary structure free energy was predicted to be the same between the two sequences and the reasons determining the unexpected difference are unclear. Free energy was computed as described in (Kosuri et al. 2013) , by analyzing the entire 5 0 -UTR and 30 nucleotides of the RFP coding sequence, via the UNAfold web server (Markham and Zuker 2005) . Doubling times for the conditions tested above are reported in Figure S3 and are consistent with the ones obtained for the other tested systems (see Figure S2A and B). A similar RFP expression system (J101-R32 construct of Fig. 1b) , which has the BBa_B0032 RBS upstream of RFP instead of the stronger BBa_B0034 RBS, was tested in the TOP10 strain. Results (see Figure S4 ) demonstrated that sRFP was also functional in a different RBS context and the quantitative repression values were similar to the ones obtained with J101-R. Since the RBS sequence has been recently shown to exert a complex effect, the tested context of J101-R32 could not be used to draw strong conclusions on the RBS-dependent functioning of rationally designed sRNAs and further investigations are needed.
The obtained results showed that an sRNA designed with the guidelines of Na et al. (2013) can work in several contexts (different promoters and RBSs for the target gene, and different strains), with qualitatively expected strain and copy number dependence, although the precise repression values could not be predicted, thus highlighting the need for additional studies and the importance of evaluating sRNA efficiency on different measurement constructs.
Silencing of a target gene in a synthetic operon
We used synthetic two-gene operons, including RFP and GFP under the control of the P lux promoter, to complete the characterization of the sRFP silencer. Specifically, the repression capability of the sRNA designed in this work was evaluated when targeting a specific gene present in a polycistronic transcript. The Plux-RG and Plux-GR constructs (Fig. 1e, f) , in a low-copy plasmid, were used as model systems in the TOP10 and W strains, and the sRFP expression system, in pSB3K3, pSB1A2 or pUC57-Simple, was co-transformed. Red and green fluorescence signals were simultaneously quantified to study the protein synthesis rate for the target and non-target gene, respectively. The fluorescence acquisition system used in this study was previously characterized and a negligible crosstalk was found to occur between the red and green fluorescence signals . Considering the TOP10 strain, as observed for single-gene cassettes, RFP repression correctly worked (although statistical differences were detected only for the pSB1A2 and pUC57-Simple contexts in both operon systems) and it was dependent on the copy number of the specific sRNA (see Fig. 5a ). Such experiments showed that RFP repression occurred when the RFP target gene was present as both the first (Plux-RG construct) and the second (Plux-GR construct) operon gene. In particular, repression values were systematically higher when RFP was present in the second position. A direct comparison among repression values in operons and singlegene cassette contexts is not trivial to carry out, since the stability of mRNA molecules with different sequence can be different (Levin-Karp et al. 2013) . GFP was expected not to be repressed as the RFP target protein.
Unfortunately, the GFP signal could not be detected for Plux-RG. The operon context is known to be highly unpredictable Levin-Karp et al. 2013) , thus preventing synthetic biological systems designers to infer the translation efficiency of operon genes when their order is changed. GFP could be successfully detected when present as the first gene of the operon (Plux-GR construct). Results showed that an sRFP expressiondependent repression occurred for GFP, although it was much smaller than the one observed for RFP (see Fig. 5a ). In particular, while RFP in Plux-GR was repressed by 73, 86 and 93 % in the pSB3K3, pSB1A2 and pUC57-Simple contexts, a repression was observed for GFP in the pSB1A2 and pUC57-Simple conditions (15 and 34 % respectively), although only the latter was found to be statistically significant.
As in the case of single-gene cassettes, the analysis of unspecific silencing was carried out by testing a set of sRNAs, in different plasmids, targeting genes that were different from RFP and GFP. The GFP-RFP operon (Plux-GR construct) was considered for the unspecific silencing study. Results (see Fig. 5b ) showed that RFP production was repressed up to 28 %, in the sLDH-pUC context, although a statistically significant RFP repression was not detected for any of the tested conditions. On the other hand, GFP was significantly repressed, up to 47 %, in the two tested conditions where an sRNA (sLDH and sFRD) expression cassette was present in the pUC57-Simple vector.
The obtained results indicate that the RFP target gene is specifically repressed also in operon context, while the non-target gene in the operon mRNA was not affected. According to the unspecific silencing data (Fig. 5b) , the observed repression of GFP was most probably due to the metabolic overload of the host strain, caused by the presence of two plasmids with an operon and an sRNA expression cassettes. The observation of a considerable repression of similar entity for both RFP (27-28 %) and GFP (47 %, statistically significant) by unspecific silencers only in the conditions in which sRNAs are expressed in the pUC57-Simple plasmid supports this statement. Doubling times, reported in Figure S5 , were consistent with the ones reported for single-gene cassettes. Moreover, since RFP is efficiently repressed while GFP is not, the data suggest that the designed sRFP silencer acts as a repressor of protein synthesis, not increasing the mRNA decay rate like other natural sRNAs, although sRNAs can always affect target mRNA stability.
The GFP-RFP operon (Plux-GR construct) was also tested in the W strain in presence of the specific RFP target gene repressor, sRFP, in pSB3K3, pSB1A2 and pUC57-Simple, or with unspecific sRNAs. Specific silencing results (see Figure S6A) showed that RFP silencing in operon also works in W, with similar repression efficiency to the single-gene context (see Figs. 2a, 4a) . Repression values of RFP were systematically lower than in TOP10 tested with the same plasmid (see Fig. 5a ), as expected from the lower sRNA plasmid copy number in the W strain. While RFP is repressed in a copy number-dependent fashion, as expected, reaching up to 62 % repression, GFP is never repressed by sRFP. GFP expression unexpectedly increased up to 1.7-fold when the operon was co-transformed with the sRFP-pUC context, compared to the operon without sRNA expression cassettes. Unspecific silencing experiments (see Figure S6B) showed that RFP and GFP were not repressed by sRNAs different from sRFP. However, these data showed a highly variable RFP and GFP expression, which were highly correlated. Importantly, doubling times analysis showed that in all the conditions with Plux-GR in W growth is clearly slower than in conditions with single-gene cassettes (see Figure S7 ). This slow growth occurs even when the operon was tested without sRNAs, demonstrating that the operon itself is responsible of the high doubling time and this was not due to the presence of a co-transformed sRNA expression cassette. This effect suggests a metabolic burden of recombinant strains with the operon. The highly variable RFP and GFP expression may be explained by the metabolic burden of the strains in such conditions, which could result in copy number variation of the medium-and high-copy number plasmids, as previously reported .
Overall, the results obtained in W were consistent with the ones obtained in TOP10 and confirmed the conclusions drawn above.
Finally, we attempted to overcome the GFP detection limit problem in the RFP-GFP operon (Plux-RG) by constructing and studying novel operons with a stronger RBS (BBa_B0030 instead of BBa_B0032) upstream of GFP (Plux-RG30 and Plux-G30R constructs of Fig. 1g, h) . Unfortunately, they resulted in slow, highly variable doubling times (see Figure S8 ) and significant unspecific silencing (see Figure S9 ). For this reason, the obtained results cannot be considered to draw robust conclusions. Silencing of the endogenous lactate dehydrogenase One of the sRNAs used to evaluate the RFP and GFP unspecific silencing, sLDH, was used to study the specific silencing of the endogenous ldhA gene, encoding for a lactate dehydrogenase (LdhA) involved in the fermentation pathway of E. coli.
The change of LdhA activity in presence of the sLDH silencer was studied through enzymatic assay (see Methods) in the TOP10 and W strains. In this case, the sRFP silencer was used as unspecific sRNA to evaluate the nonspecific repression of LdhA activity. Both sLDH and sRFP were tested in the high-copy number pUC57-Simple vector. Results (see Fig. 6 ) showed that sLDH significantly repressed LdhA activity, with 50 and 72 % repression values in TOP10 and W, respectively. LdhA repression was very low and not statistically significant (14 and 16 %, respectively) for TOP10 and W with the unspecific silencer sRFP. Such results demonstrated that the sLDH silencer, designed in this study according to the guidelines of Na et al. (2013) , is functional. The observed LdhA repression difference between the TOP10 and W strains was unexpected, since the pUC57-Simple plasmid is maintained at higher copy number in TOP10 than in W. However, differences in the ldhA gene expression and regulation between the two strains, not investigated in this work, can occur and might explain the observed repression values. Such differences can be due to differences in nucleotide sequences of the ldhA gene or promoter in the genomes of TOP10 and W, even if the 24-bp binding sequence of sLDH is identical.
Discussion
In this work, the silencing capability of sRNAs designed with recently proposed guidelines was characterized. In particular, key features that are typically investigated in quantitative studies on natural sRNA have been herein measured to evaluate the performance of synthetic sRNAs in several contexts and to enable the comparison with natural sRNAs. Since synthetic sRNAs designed with the guidelines of Na et al. (2013) have never been tested in different contexts, such as different target mRNA/sRNA levels, when the target gene is in operon architecture and in gene expression cassettes driven by different promoters ), this study is of wide importance in the bottom-up design of artificial sRNAs. Our study is mainly focused on quantitative performance evaluation for a synthetic sRNA targeting a reporter gene, but data on another sRNA, targeting a gene of interest in metabolic engineering, are also reported.
A synthetic sRNA targeting the reporter gene RFP, here called sRFP, was designed and used in most of the performed experiments. sRFP was expressed at different levels by tuning the copy number of the plasmid bearing the sRNA expression system, while the target gene was produced via different constitutive or inducible expression Fig. 6 Lactate dehydrogenase assay results for sLDH characterization in TOP10 and W. Specific enzymatic activity of LdhA in the strain without sRNA, in the strain with an unspecific sRNA (sRFP) and in the strain with the sRNA targeting LdhA (sLDH). Bars represent the mean activity value computed on at least three biological replicates. Error bars represent the 95 % confidence intervals of the mean value. Asterisks indicate that the value in the condition is statistically different from the value without sRNA (first bar). Percentages represent the Eff% values computed on activity values systems. Statistical analysis was carried out for all the performed experiments to highlight the conditions where significant repression was present, compared to the recombinant strain without sRNA. Unspecific silencing analysis was also carried out to decouple specific gene silencing from other non-specific silencing mechanisms. To this aim, sRNAs designed to target genes different from RFP were used, as well as the GFP gene, which is not targeted by sRFP and is easily detectable.
When RFP was present in a single-gene expression cassette, driven by the P lux promoter at full induction, sRFP showed to work as expected in two different E. coli strains (TOP10 and W) and repressed red fluorescence in a copy number-dependent fashion, reaching silencing levels up to 92 %, in the highest copy number condition (pUC57-Simple plasmid in TOP10) of sRFP. The same construct (called Plux-R) was used to study RFP silencing for different mRNA (tuned via P lux induction with HSL) and sRNA (tuned via plasmid copy number, as above) levels and results showed the expected mRNA-dependent trend (Levine et al. 2007 ). By using a previously proposed kinetic model of target gene silencing with sRNA, we fitted the experimental data and estimated the binding affinity parameter of sRFP, under different assumptions and considering the Plux-R construct. It resulted to be about 30-fold lower than the one of RyhB, an extensively studied natural sRNA involved in iron metabolism in E. coli.
When RFP was constitutively expressed via a singlegene cassette driven by the BBa_J23101 promoter, sRFP also worked as expected in both strains, but the repression values were lower than the ones predicted by the mathematical model that was trained on data from Plux-R. Such observed deviation could be due to the different target mRNA sequence, which is 4 nucleotide longer in transcripts produced by P lux than by BBa_J23101.
Synthetic operons including the target RFP gene and a non-target reporter gene (GFP) were used to study gene silencing, via sRFP, in polycistronic transcripts. RFP repression successfully worked, in an sRNA copy numberdependent fashion, and it was higher when RFP was present as the second operon gene. This result could be due to different mRNA decay rates of the two operons, which affects the steady-state level, or by the mRNA folding which differently exposes the binding sequence. RFP repression level reached values up to 93 % in the highest copy number condition (pUC57-Simple plasmid in TOP10), while the non-target gene, GFP, was not considerably repressed. Experimental data of operon systems suggested that sRFP silencing acts only at the translation level, not by enhancing the decay rate of the whole transcript. GFP signal could not be detected in one of the tested operons (Plux-RG), while in the other operon (Plux-GR) specific and unspecific silencing could be fully studied. The latter operon was also successfully tested in the W strain, although it caused a slow growth for the host. Additional operons were also constructed (Plux-RG30 and Plux-G30R) with a stronger RBS upstream of GFP, than Plux-RF and Plux-GR. However, although both of them worked as expected, they resulted in slow growth and could not be used to draw sound conclusions, since unspecific silencing was considerable probably due to the metabolic burden exerted by the operon.
Overall, the obtained results on reporter genes demonstrated the importance of the target sequence that could affect gene silencing, and the difficulty of characterizing gene silencing in operon via ad-hoc constructed model systems.
Experimental data were also presented for a second sRNA, targeting the endogenous ldhA gene in the TOP10 and W strains. Repression efficiency was 50 and 72 %, respectively, while unspecific silencing, via sRFP, did not result in significant repression values, thus confirming that another rationally designed silencer works as expected. In this case, the quantitative repression values obtained could be explained by measuring the expression level of the target ldhA gene.
The rational design of sRNAs with predictable performance is a key feature in synthetic biology and the guidelines proposed by Na et al. can be successfully used without relying on trial-and-error searches. Quantitative characterization studies, like the one proposed in this work, will strongly support the predictability of sRNA performances in different contexts. Although the measured variables can have an sRNA-and target gene-specific behaviour, the reported procedure and results support the future characterization of novel sRNAs, confirm the effectiveness of the design via the used guidelines, and elucidate quantitative performance-related and contextdependent features never investigated before for such synthetic silencers. Synthetic sRNAs will enable to face different problems in synthetic biology, such as the simultaneous silencing of different pathways in metabolic engineering studies , the silencing of essential or non-essential genes for bacterial physiology research studies (Man et al. 2011; Sharma et al. 2013 ) and the tuning of synthetic circuits to engineer repression systems with low-fluctuations or noise in the regulation of target proteins (Levine et al. 2007) , which is an important feature to control cell-to-cell variability Zucca et al. 2015) .
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